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Fig. 4. Coefficients of variation (CV) of leaf-scale active ChIF
measurements (using the F¢700_715 technique — white bar), passive ChiF
measurements (using the 3FLD g3, FWgg7, and Fw ;715 techniques —
light grey, dark grey, and black bar respectively), and leaf heterogeneity
(chlorophyll content, photosynthesis and stomatal conductance), line,
by day of year. Each bar represents the average CV for combined low,
medium and high nitrogen treatments.

ChlF measured with the Fg9-715, 3FLD7s; and Fwp9-7;5
techniques showed the same response to the nitrogen treat-
ments (Fig. 4; Table 3). In contrast, for the days with higher
variability for leaf heterogeneity (days 55, 62, 69 and 104:
Fig. 4), no match was found between techniques (Table 3).
The results obtained at the daily scale supported the results
shown at the seasonal scale (Fig. 3). SIFyi eld; measured with
the Fwgg; technique also exhibited less sensitivity to changes
in nitrogen treatments (Table 3).

Single-leaf scale

Seasonal measurements

At the single-leaf scale, a weak but significant relationship
was observed between active and passive techniques across
treatments (Fig. 5). SIFyield; values measured with the three
passive techniques were less sensitive to changes in ChlF
when F; reached 500 au. The coefficient of determination
(R®) between active and passive techniques increased by 30%,
4% and 30% using the 3FLDg;, Fwgg; and Fwqgg_7i5 tech-
niques, respectively, when values of F,;; >500 were not taken
into account in the study.

Similar to leaf-average results, SIFyield, measured with
3FLDy4; and F709-715 techniques offered the best correlations
with F;; (R*=0.28 and 0.24, respectively, P<0.001: Fig. 5A,
C). Since only the 3FLD;¢; technique can be applied using
satellite remote sensing techniques, results presented from
here on will focus on this passive technique.

We found a large scatter by analysing a leaf-to-leaf cor-
relation between techniques (Fig. 5). To understand what is
causing this dispersion, we compared the variation of the
main factors affecting ChlF measurements — leaf area, leaf
heterogeneity and measurements inputs — with variation

Fig. 5. The leaf-scale relationship between active (FsL) and passive
(SIFyield,) measurement using (A) Fsr00-715 and 3FLD;g5 techniques, (B)
Fs700-715 @nd Fwgg; techniques, and (C) Fg700_715 and Fwyqo_715 techniques
in wheat plants under low (square), medium (cross) and high (circle)
fertilization treatment. The black line represents a regression between ChiF
measurements with active and passive techniques (=156, P<0.01).

of active (F,;) and passive (SIFyield;) ChlF measurements
(Figs 6, 7). Leaf area and measurement inputs presented a
low CV for all the days (<20%, Fig. 6A). The fact that the
measurement inputs presented a low CV indicate that the
scattering observed was not due to the measurement pro-
tocol. That is, on different days, similar leaf spectrum and
illumination conditions were observed within treatments. In
contrast, the parameters associated with leaf-to-leaf variabil-
ity (leaf stomatal conductance, leaf photosynthesis and leaf
chlorophyll content) presented a higher CV (15%<C<80%)
which changed through time (Fig. 7). Importantly, stoma-
tal conductance and leaf photosynthesis presented a higher
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CV (15%<CV<80%, Fig. 7A, B) than chlorophyll content
(CV<20%, Fig. 7C). As described before, on the days when
leaf heterogeneity had lower CV SIFyield; and F;; measure-
ments also had low CV (days 83, 90 and 97). However, the
CV for SIFyield; measured with the 3FLD4; technique was
consistently higher than for F;; using the F;00-715 technique.
Additionally, irrigation and fertilizer input did not seem to
affect the CV of leaf heterogeneity or SIFyield; and F; meas-
urements (Fig. 6B).

These results imply that the scattering observed in our
measurements is mainly due to the leaf-to-leaf variability.
To corroborate our results, we compared the variations in
wheat (grown outdoors) with those in the cotton experiment
(grown in a growth chamber, Fig. 6C). For the cotton experi-
ment, the CV for leaf heterogeneity, SIFyield, and F;; were
27%, 57% and 4% lower, respectively, than the seasonal aver-
age CV for those variables in the wheat experiment. Notably,
the CV for SIFyield; using the 3FLD4; technique was again
higher than the CV for F;;. These results confirmed that the
outdoor field measurements increased leaf-to-leaf variabil-
ity. It is probably due to the rapidly reversible quenching,
NPQ, which modulates ChlF. NPQ is limited by the intrin-
sic capacity of each leaf to dissipate excess light as heat
(Serodio and Lavaud, 2011). Still, the passive ChlF meas-
urements were consistently more variable (higher CV) than
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Fig. 6. (A) Coefficient of variation (CV) of the main factors affecting
chlorophyll fluorescence measurements: leaf area, white bar; measurement
inputs (PAR, solar irradiance and vegetation radiance), light grey bar;

and leaf heterogeneity (chlorophyll content, photosynthesis and stomatal
conductance), line. Also included is the CV for active (Fg700_715, dark grey
bar) and passive (3FLDg3, black bar) ChlIF measurement techniques. (B)
Irrigation (triangle) and nitrogen input (circle and line). (C) Coefficient of
variation under control conditions for leaf heterogeneity (line), measurement
inputs (light grey bar), ChlF based on the active technique (Fs7q0_715, dark
grey bar), and the passive technique (3FLD;g3, black bar).
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leaf heterogeneity and active ChlF measurements for both
growth chamber and outdoor experiments. These results
make evident the complexity of measuring ChlF using indi-
rect passive techniques as compared with active techniques.
However, it is important to note that PAM fluorimeters have
a limited application to spatial scales ranging from several
centimetres to some metres. In contrast, passive techniques
can be applied at leaf and canopy scales, as well as from
regional to global scales.

Daily measurements

A weak but significant relationship was observed between
SIFyield; and F;; across treatments at the leaf scale for most
of the days (P<0.05, days 55, 69, 90, 97,104,111, 118: Fig. 8).
The best correlation between techniques (here F9-7;5 and
3FLD;4;) was found toward the end of the season (day 111,
R?=0.59, P<0.01), when both techniques were also able to dif-
ferentiate between the three nitrogen treatments at leaf-aver-
age measurements (Table 3). The accumulated nitrogen stress
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Fig. 7. Coefficient of variation (CV) of the main factors affecting leaf

heterogeneity: (A) photosynthesis, (B) stomatal conductance, and (C)
chlorophyll content estimated using the red edge vegetation index.
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wheat plants under low (square), medium (cross) and high fertilization treatment (circle). Each point represents one leaf measurement (n=9) per day (n=9).
The black line represents a regression between ChIF measurements based on active and passive techniques (P<0.01). Results in bold font, P<0.05.

resulted in lower chlorophyll content in the leaves in low and
medium treatments causing lower ChlIF. By day 111, substan-
tive leaf yellowing was observed in the low nitrogen treatment.

Pairwise comparison of slopes showed no significant dif-
ference between day 55 and 111, day 55 and 118, day 69 and
90, day 69 and 97 (P<0.05). These results showed that for this
experiment at the leaf spatial scale and the daily temporal
scale, it was not possible to define a unique equation to relate
SIF to active ChlF measurements.

Conclusions

This paper presents a study of the correlation between active
and passive techniques to measure chlorophyll fluorescence at
canopy and leaf scale for wheat plants under different nitro-
gen treatments. The results presented in this study showed that
passive and active measurements were highly correlated over
the growing season across nitrogen treatments at both canopy
and leaf-average scale. However, a constant bias between tech-
niques was observed and no zero intercept was found. This
was likely due to their different physical measuring principles
regarding the wavelength at which fluorescence is measured and
the wavelength and intensity used to excite fluorescence. For
leaf-average measurements, the ChlF measured with the pas-
sive 3FLD;4; and Fwygy_7;5 techniques presented the strongest
agreement (R*>0.7, P<0.01) in terms of differentiating between

nitrogen treatments at both the seasonal and daily scale. At the
leaf scale, the seasonal relationship between passive and active
measurements was weaker, but still significant, where leaf-scale
ChlIF measured with the 3FLD-4; technique showed the best
correlation with ChlF measured with the Fgy,_75 technique.
The sources of uncertainty at the leaf scale were largely related
to leaf-to-leaf variability associated with spatial and seasonal
variations in CO, assimilation and stomatal conductance, and
less related to the leaf size or measurement inputs (e.g. light
reflected and emitted by the leaf and illumination conditions).
This uncertainty was exacerbated when the analysis was lim-
ited to the leaf scale on a single day, where our results showed
that it was not possible to define a unique equation to relate
SIF to active ChlF measurements.

Based on these findings, we conclude that it is possible to
compare canopy and leaf-average measurements of active and
passive techniques at both daily and seasonal temporal scales
when nitrogen is the limiting factor. By averaging a number
of representative leaves to a unique value, we reduced the
variability between measurements due to (i) different physical
measuring principles between techniques and (ii) leaf-to-leaf
heterogeneity.

Nevertheless, to extrapolate the knowledge acquired using
active techniques to passive techniques, it will first be nec-
essary to quantify how the two factors mentioned above
affect ChlF measurements. Second, these findings should be
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incorporated into a radiative transfer model where the veg-
etation structure is taken into account.

These steps are particularly relevant to the interpretation
of ChlIF data when the signal is obtained in different spectral
regions that will consequently carry information from dif-
ferent layers of the leaf or the canopy (Porcar er al. 2014).
At leaf and canopy levels, the red ChlF signal is enriched
in photosystems close to the leaf surface or leaves from the
top of the canopy, whereas the far-red ChlF signal may have
a stronger contribution from a deeper leaf or canopy layer,
especially when the excitation light penetrates deep into the
leaf or the canopy (Peterson et al., 2001; Rappaport et al.,
2007; Pfiindel, 2009). When scaling up from the leaf to
canopy level, the bidirectional ChlF emission (both upward
and downward) as well as vegetation structure (for multiple-
scattering and re-absorption) needs to be modelled (Van
Wittenberghe et al., 2015). The orientation of the leaves and
the incident light angle will also play an important role in
ChlIF emission.

For a quantitative analysis of how ChlF measurements are
affected by the wavelength at which fluorescence is measured
and by the wavelength and intensity used to excite fluores-
cence, dedicated leaf-scale studies should be designed. In
these experiments a fluorescence excitation matrix should be
created (FluorMOD, Pedros et al., 2010). That is, high spec-
tral resolution measurements of ChlF should be performed at
the same wavelength and intensity used to excite fluorescence
changes. This will enable a good understanding of how the
ChlF spectrum changes depending on the spectral properties
of the incoming light. Additionally, to account for the ChlF
spatial and temporal dynamics, these measurements should
be repeated in several leaves under different stress conditions
(i.e. water or nitrogen deficit) as well as at different vegetation
stages. This can be used to better estimate plant photosyn-
thetic capacity and therefore to provide improved informa-
tion for crop management.

Supplementary data

Supplementary data is available at JXB online.

Supplementary Figure S1. The relationship between can-
opy chlorophyll content (red edge index) and passive fluores-
cence (3FLDy4;) in wheat plants under low, medium and high
fertilization treatment.

Supplementary Table S1. Results of the repeated-measures
ANOVA F-test comparing effects of nitrogen treatment on
canopy chlorophyll content (red edge index) and passive fluo-
rescence (3FLD3).
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